Most work in literature on condensation in tubes has been done for smooth tubes in the horizontal and vertical configurations. Recent experimental works with condensation at different inclination angles showed that the heat transfer characteristics were a function of inclination angle. These works were limited to heat transfer and pressure drop measurements with visual observations. However, no work has been done on measuring the void fractions during condensation at different inclination angles. The purpose of this study was to measure void fractions and heat transfer coefficients during condensation for tube inclinations ranging from vertical downwards (-90ᵒ) to vertical upwards (90ᵒ) at a saturation temperature of 40 ᵒC. Measurements were taken in an experimental set-up in which condensation occurred on the inside of a test section. The test section was a circular tube with an inner diameter of 8.38 mm and a heat transfer length of 1.488. The refrigerant used was R134a, and the void fractions were measured using two capacitive void fraction sensors. Mass fluxes ranging from 100 -400 kg/m 2 .s and vapour qualities ranging from 10 -90% were considered. Heat transfer coefficients were also compared with void fractions. It was found that at combinations of low mass fluxes and vapour qualities, void fraction and heat transfer were significantly affected by changes in inclination angle. Generally, void fractions and heat transfer coefficients increased with downward inclination angles with an optimum angle between -10ᵒ and -30ᵒ (downward flow). At some intermediate mass flux and vapour quality conditions, the void fraction and heat transfer coefficients were observed to be independent of the inclination angle despite changes in the prevailing flow patterns.
Introduction
Many systems in the air-conditioning and refrigeration industries where cooling and/or heating is required make use of vapour-compression systems. The condenser in the vapour compression system needs to reject heat by condensing the refrigerant from a gas to a liquid.
Other industries where condensation occurs are in the power generation industries where steam is condensed in air and water cooled cooling towers. In the majority of cases condensation occurs in tubes which are configured horizontally. An exception is steam condensation in large air cooled condensers used in the power generation industry where water is not readily available as a cooling medium. These condensers are constructed in an A-frame structure configured to provide condensing flow at an approximate 60° downward inclination. However, no work has been published in the open literature that justifies this angle. It is therefore not clear if this angle is based on heat transfer and/or structural considerations.
Other applications where condensation occurs in inclined tubes are steam condensers used for aircooling, and also in some rooftop industrial air-cooled refrigeration systems. Again, no work has been published in the open literature which justifies the angles being used.
A recent review of the state of the art in condensation flow was conducted and the conclusion was drawn that the majority of work was done for horizontal tubes and a limited amount in vertical tubes (Lips and Meyer, 2011) . However, very little work was done for condensation in inclined tubes.
Past work have highlighted the importance of the identification of the prevailing flow pattern since it is used in the development of equations that estimate the local and average heat transfer and pressure drop coefficients during condensation (Da Riva et al., 2012; Doretti et al., 2013; Nebuloni and Thome, 2013; Thome et al., 2013) .
Past work on the subject of condensation in inclined tubes found that downward inclination angles could have significant advantages since gravity assisted in thinning the liquid layer inside the tube and reduce the thermal resistance to heat transfer (Lips and Meyer, 2012b ).
An increase in heat transfer of up to 20% at an inclination of -15ᵒ (downward flow) was observed for combinations of low mass flux and vapour quality. The heat transfer decreased with upward flow inclinations. At higher mass flux and vapour quality conditions, shear forces were dominant, which meant that the flow patterns tended to remain annular with the heat transfer coefficients exhibiting independence of the tube inclination angle. Also, the observed flow patterns did not correlate well with the considered models for inclined flow.
From the work of Lips and Meyer (2012c) for horizontal pressure drops, the model of Moreno Quibén and Thome (2007) along with flow pattern map best represented the experimental results. Void fraction models were chosen by Lips and Meyer (2012c) in order to use pressure drop correlations for comparison with experimental results. The void fraction correlations considered in their study led to a ±25% agreement between predicted pressure drops and measured pressure drops for upward flows. The correlations failed to predict pressure drops for downward flows. The apparent gravitational pressure drop (which was defined as the difference between the pressure drops for inclined tubes versus horizontal tubes) was used to estimate the apparent void fraction. The apparent void fraction was defined as the void fraction value which would have led to the aforementioned apparent gravitational pressure drop. From the results, it appeared that the void fraction remained constant for upward flows. For downward flows, the apparent void fraction could not be considered to represent the actual void fraction since the frictional pressure drop was dependent on the inclination angle.
At lower mass fluxes (i.e. 100-200 kg/m 2 .s), the heat transfer coefficients were observed to exhibit a maximum in the region of -30ᵒ to -15ᵒ (downward flow) due to gravity thinning of the stratified liquid layer (Meyer et al., 2014) , which led to less thermal resistance. The heat transfer coefficients were observed to reduce with increased saturation temperature for all inclination angles and mass fluxes. The reason provided was that the thermal conductivity of the particular refrigerant (R134a) decreased with increasing temperature meaning a reduction in heat transfer coefficient.
However, what has not yet been looked into is the determination of the void fractions and their influence on heat transfer coefficients in tubes at different inclination angles. The knowledge of the void fractions is important in the developing of accurate heat transfer coefficient equations, which has also not yet been done in inclined tubes.
The challenge is that the heat transfer and pressure drop during condensation in a tube are directly related to the temporal and spatial distribution of the liquid and vapour phases. These phases are directly related to the void fraction and a considerable number of measurements have been taken to relate the void fraction to heat transfer and pressure drop equations during condensation (Adelaja et al., 2014a (Adelaja et al., , 2014b Meyer et al., 2014) . However, no work has been done to determine the void fraction and its influence on heat transfer coefficients during condensation in inclined tubes. In addition, no work has been done on the development of new and/or revision of existing equations, which takes into consideration the changes that occur in void fraction as a function of the inclination angle.
Accurate void fraction measurements are challenging, and in most cases where void fractions were measured it was done using only one sensor for the entire test section (Ahmed, 2011; Da Silva et al., 2010; De Kerpel et al., 2013; Demori et al., 2010) . This is perhaps not an accurate representation of the average void fraction of a test section that changes between the inlet and outlet. As the void fractions and heat transfer correlations are so strongly related there is a need for accurate void fraction measurements, however, instrumentation that can measure void fractions without influencing the flow patterns are not readily available commercially. Such a void fraction sensor has been developed at the Ghent University (Canière et al., 2010 (Canière et al., , 2009 (Canière et al., , 2008 (Canière et al., , 2007 , but is not yet commercially available on the open market.
The purpose of this study was to measure void fractions with two void fraction sensors developed at Ghent University, capture prevailing flow patterns visually and measure the heat transfer coefficients over a wide range of inclination angles during condensation in a smooth tube. The effect of the void fractions on the flow patterns and heat transfer coefficients was also investigated qualitatively.
Experimental apparatus and test conditions

Experimental set-up
The experimental system (Figure 1 ) was inherited from past research work in which detailed descriptions and explanations have been provided (Adelaja et al., 2014a (Adelaja et al., , 2014b Canière et al., 2007; Lips and Meyer, 2012a , 2012b , 2012c Meyer et al., 2014; Suliman et al., 2009; Van Rooyen et al., 2010) . Therefore, only a brief overview will be provided in this section.
The experimental set-up consisted of a vapour compression refrigeration cycle operated with refrigerant R134a, as well as a water cycle. The refrigeration cycle consisted of two high-pressure lines, i.e. the test line and bypass line, through which the condensing fluid was pumped. Fluid flow was obtained using a hermetically sealed scroll compressor with a nominal cooling capacity of 10 kW. The flow of refrigerant through each respective line was controlled using a set of electronic expansion valves (EEVs). The test line was served by three respective condensers. A pre-condenser was responsible for controlling the vapour quality at the inlet of the test condenser where temperature, pressure, flow pattern and void fraction measurements were taken. The void fraction measurements were made using sensors which measured the capacitance of the flow with an accuracy of ±4 x10 -15 F. The absolute uncertainty in the void fraction measurements was estimated by the sensors' developers to be 0.02. Two sensors were used, one at the inlet of the test section and the other at the outlet of the test section. A cross-sectional illustration of the void fraction sensor construction is provided in Figure 2 . The internal diameter of the void fraction sensor was 8 mm, the inscribed electrode angle ( ) was 160°, the tube wall thickness was 50 µm, and the axial length of each electrode was 8 mm,
i.e. one tube diameter. The average of the two measurements was taken as the average void faction in the test section. Hot and cold water was supplied by a 50 kW heating and 70 kW cooling dual-function heat pump.
Thermostat control was used to maintain the hot water at 25 ᵒC -30 ᵒC and the cold water at 15 ᵒC -25 ᵒC respectively in two tanks of 5 000 litre capacity each. The hot water was used in the evaporator while the cold water was used in the various condensers mentioned previously.
The test condenser was constructed as a tube-in-tube counterflow heat exchanger with refrigerant flowing in the inner tube and water flowing in the annulus. The inner tube was constructed from an 8.38 mm inner diameter (0.6 ± 0.002 mm wall thickness) smooth, hard-drawn copper tube inside an outer tube from 15.9 mm inner diameter smooth, hard-drawn copper tube. This tube diameter was selected for this study as it was used in several previous studies (Adelaja et al., 2014a (Adelaja et al., , 2014b Meyer, 2012b, 2012c; Meyer et al., 2014 ) and therefore better comparisons are possible.
The refrigerant stream flowed through the inner tube and the water stream through the annulus in a counter flow direction. A wire with an outside diameter of 2 mm was wrapped around the outside of the inner tube at a constant pitch to improve water mixing within the annulus and prevent temperature stratification. The heat transfer length of the test section was measured as 1.488 m.
This length was selected to ensure that the results can be compared to previous studies (Adelaja et al., 2014a (Adelaja et al., , 2014b Meyer, 2012b, 2012c; Meyer et al., 2014) and to ensure that experiments could be conducted at a full range of inclination angles from vertical downward to vertical upward in a laboratory with physical height limitations. The entire test section was insulated with 60 mm of insulation with a thermal conductivity of 0.041 W/m.K to minimise heat losses to the ambient air.
The inclination angle was measured using a digital inclinometer that was attached at the pivot point of the test section.
To develop the flow as fully as possible at the inlet to the test section a calming section with a length of 260 mm (31 tube diameters) was situated upstream of the test section. Before any measurements were taken, the effect of the void fraction sensors on heat transfer measurements were investigated by first installing straight-section spool pieces in place of the sensors; this increased the length of the calming section to more than 50 tube diameters. The heat transfer results without the void fraction sensors installed were then compared with the results obtained with the void fraction sensors installed. No significant difference in the heat transfer results could be observed. Therefore, it could be deduced that the presence of the void fraction sensors did not significantly affect the heat transfer and void fraction results. Even so, their axial lengths were not considered as part of the entry length of the test section.
Borosilicate sight glasses (±60 mm in length) were installed at both the inlet and outlet of the test section, which enabled visual observation of the flow patterns. In general it was found that the length of the sight glasses was long enough to ensure that all flow patterns could be clearly observed. However, at low mass flux and vapour quality conditions for upward flow inclinations the liquid slug length was greater than the axial length of the sight glasses.
The sight glasses also insulated the test section against axial heat conduction. A monochromatic high-speed camera set at roughly 200 frames per second was used at the outlet sight glass for flow visualization. To improve the image quality, a uniform light emitting diode (LED) backlight was used.
The LED backlight was chosen with a low energy output so that it did not thermally affect the passing flow.
Three pressure taps were installed at both the inlet and outlet of the test section respectively. They were affixed to the tube by silver soldering ±20 mm long capillary tubes on each end of the test section. A 1 mm hole was drilled through the capillary tube through the tube wall of the test section. A small diameter was desirable to ensure that the pressure taps did not cause flow obstructions in the test section and that the diameter was less than 10% of the test section's inner diameter (Rayle, 1959) . Care was taken to remove all burrs from the inside of the test section which may have an undesirable effect on pressure measurements.
Two of the aforementioned taps were connected to ratiometric pressure transducers, which measured the prevailing absolute pressure at both the inlet and outlet of the test section respectively. The remaining pressure taps were available for differential pressure measurement, which was not considered for the current study. The pressure sensors used to measure the saturation pressure was calibrated and had an uncertainty of 0.1% relative to its full scale of 3 447 Pa.
On the outer periphery of the inner tube, four countersunk indentations were drilled to enable the thermocouples to be affixed by soldering. The indentations were equally spaced around the periphery in such a way that two thermocouples could be located on a plane perpendicular to a stratified liquid interface and two in parallel to form a measuring station. There were seven equidistant measuring stations along the length of the test section. All thermocouples were constructed using T-type thermocouple wire with a 30-gauge thickness (0.1 mm) and were calibrated to within ±0.1 ᵒC against a PT100 RTD-device.
Three thermocouples were installed upstream of the inlet sight glass and downstream of the outlet sight glass to measure the prevailing saturation temperature. The saturation temperature was also corroborated by the absolute pressure measurements and the REFPROP (2005) database for refrigerant R134a. The differences in the measured saturation temperature and those determined from the database using absolute pressure measurements were less than 0.1 ᵒC at high mass fluxes, The capacitive void fraction sensors used in the current study were developed by Ghent University (Canière et al., 2010 (Canière et al., , 2009 (Canière et al., , 2008 (Canière et al., , 2007 ) and a calibration procedure was developed for adiabatic horizontal flow (De Kerpel et al., 2014 . For the current study the sensor responses were calibrated to track the predictions of the Rouhani and Axelsson (1970) 
Data acquisition and experimental procedure
A computerised data acquisition (DAQ) system was used to gather the data from the respective measuring instruments. The DAQ system consisted of a personal computer using LabVIEW software with which the measurements could be logged and experimental system could be controlled. The data acquisition package used contained the necessary multiplexers, analogue-to-digital converters and terminal blocks to successfully log the data onto the computer.
After start-up, adjustments were made incrementally to the experimental system until the desired flow conditions were obtained. The system was allowed to stabilise until all parameters (mass flow rates, temperatures, void fraction measurements and pressures) were visually observed to remain constant and steady-state conditions were achieved. The difference between the heat transfer rate on both the water side and refrigerant side was also monitored as the "energy balance error". Once the energy balance was less than 5% (the average of all measurements was less than 3%), and steady state conditions were achieved measurements were made. The heat transfer rate of the water was assumed to be the more accurate and was controlled by the water mass flow rate and inlet Data capturing of the thermocouple temperatures and the void fractions were done using three different voltage transducer amplifier cards. The DAQ card used for temperature measurements had a frequency range of up to 2 Hz and the two DAQ cards used for the void fraction measurements had a frequency range of up to roughly 3000 Hz. To enable the void fractions to be captured at a high frequency, the capturing of the temperatures preceded the capturing of the void fraction results for each data point. The temperatures were captured at a frequency of 1 Hz over a 120-second time span for each data point, after which the void fraction results were immediately acquired at a frequency of 1 000 Hz for a time span of 120 seconds. Several experiments were done at different sampling rates for both the temperatures and void fractions. The experiments were repeated several times and the same results were found for each temperature and void fraction measurement.
Measurements were also done where the temperature measurements were captured at the same time as the void fraction measurements and the same results were obtained. The sampling frequency of the void fraction measurements was sufficient as most two-phase flow phenomena occur at a frequency of 100 Hz (Canière et al., 2007) . The Nyquist criterion for sampling was thus satisfied and aliasing of the observed void fraction signals was therefore not a challenge.
Data reduction
The void fraction results were obtained in a similar fashion to that of past work (De Kerpel et al., 2013) . The normalised voltage ( ) outputs of the capacitive sensors were calculated as follows:
(1)
The response of each void fraction sensor to an induced liquid-only condition ( ) were measured at a temperature of 40 ᵒC since this differed from the original calibration temperature (De Kerpel et al., 2013) . The dielectric constant of refrigerant vapour was shown to be temperature independent (Dos Reis and Goldstein, 2005) and thus the vapour-only response ( ) of the sensors was obtained at ambient temperature only. Using the measured responses for the liquid-only and vapour-only cases, the denominator in equation (1) for the entire data set was determined. This value was assumed to remain constant for the duration of the current study. The numerator in equation (1) was determined using the raw sensor voltage outputs ( ) as well as an ambient vapour-only measurement ( ) , which was taken daily during the data capturing process before any measurements were taken to account for any drift in the void fraction sensors.
For each respective mass flux, vapour quality and inclination angle condition, the average void fraction over the sampling time was desired. To obtain the average void fraction, each normalised voltage data point was first converted to a void fraction value using the calibration equation (De Kerpel et al., 2013) . The coefficients for the calibration equation were however determined specifically for the current study by correlating adiabatic void fraction results to the Rouhani and Axelsson (1970) predictions in accordance with observations made in past research (De Kerpel et al., 2013) . The calibration coefficients were determined during adiabatic tests with the two void fraction sensors approximately 2 m apart from each other. A time-average void fraction for each sensor was calculated using a trapezoidal integration routine on the void fraction results for each data point.
The average void fraction results for the refrigerant condensing in the test section were taken as the arithmetic mean between the trapezoidal integrated inlet and outlet void fraction values.
To determine the vapour quality of the fluid at the inlet to the test section ( ), the specific enthalpy at the outlet of the pre-condenser ( ) was calculated from the specific enthalpy at the inlet of the pre-condenser ( ), the measured heat transfer rate on the water side of the pre-condenser ( ̇ ) and refrigerant mass flow rates ( ̇ ):
The parameter was the specific enthalpy of the refrigerant at the inlet and outlet of the pre-condenser (subscripts denote inlet or outlet position), determined from the REFPROP (2005) database for the refrigerant R134a. Heat losses between the pre-condenser and test section were neglected; thus the specific enthalpy was assumed to stay constant from the pre-condenser outlet to the test section inlet. A one-dimensional analysis showed that heat losses to the environment were not significant. The heat transfer through the pre-condenser used in equation (2) was calculated using the measured water mass flow rate ( ̇ ), specific heat capacity ( ), and measured water inlet ( ) and outlet temperatures ( ):
The temperature and pressure measurements at the inlet to the test section were used along with a refrigerant property database (REFPROP, 2005) to determine the saturated liquid ( ) and vapour ( ) specific enthalpies. The inlet vapour quality was determined as follows:
The outlet vapour quality was calculated in a similar fashion to equation (4) using the inlet specific enthalpy ( ), which was assumed identical to the pre-condenser outlet specific enthalpy, the outlet specific enthalpy ( ) and the heat transfer from the water side of the test section ( ̇ ) as follows:
The heat transfer rate through the test condenser was obtained by substituting the parameters in equation (3) for those of the test condenser. The outlet vapour quality was then calculated in a similar fashion to equation (4) by substituting the outlet specific enthalpy calculated from equation (5). The average vapour quality was taken as the arithmetic mean between the calculated inlet and outlet values.
The average heat transfer coefficient in the test section ( ) was determined from the wall-, bulk water-and saturation temperature measurements. The water heat transfer rate ( ̇ ) measurement was used and not the refrigerant heat transfer rate measurement as the water side was considered to be the more accurate of the two heat transfer rate measurements.
Assuming a constant heat transfer coefficient across the length of the test section, the average heat transfer coefficient of the test section was determined as follows:
In equation (6) is the inner surface area of the test section for the heat transfer length and is the saturation temperature calculated as the arithmetic mean between the thermocouple measurements at the inlet and outlet of the test section. An uncertainty analysis showed that the maximum uncertainty of the average heat transfer coefficient was less than 5% with the greatest deviations observed at low vapour quality conditions.
̅̅̅̅̅ is the mean inner-wall temperature of the test section and is related to the mean outer-wall temperature ̅̅̅̅̅ by the thermal resistance of the tube wall as:
where the thermal resistance of the tube wall was calculated using the tube inner diameter ( ), tube outer diameter ( ), tube axial length ( ) and tube thermal conductivity ( ) as:
The thermal resistance of the tube wall was found to be negligible and therefore it was assumed that the average wall temperature on the outside of the test section was equal to the average wall temperature on the inside of the test section. The mean outer-wall temperature ( ̅̅̅̅̅ ) was calculated by averaging the temperature measurements from each of the seven measurement stations ( ) along the test section using a trapezoidal integration routine as follows:
In equation (9) is the th temperature measurement station on the test section.
The energy balance ( ), in percentage, was determined by comparing the heat transferred to the water stream in the annulus of the test section ( ̇ ) to the heat transfer rate rejected by the condensing refrigerant ( ̇ ) in the inner tube as:
The mass flux ( ) was determined from the measured liquid refrigerant mass flow rate ( ̇ ) and tube inner cross sectional flow area ( ) as:
Table 1 presents the average, maximum, minimum and standard deviations of the measured experimental parameters at all flow conditions considered during the study. The saturation conditions were controlled with standard deviations of 0.31 ᵒC and 9.67 kPa for saturation temperature and saturation pressure respectively. The energy balance was controlled within a 1% standard deviation with an average value of 2.65% for all experimental conditions. The largest deviation (6% heat loss to ambient atmosphere) was observed at the lowest mass flux and vapour quality combinations. As the current study was a follow-up to work carried out in the past the data population was similar Meyer, 2012b, 2012c) . for the 90% vapour quality case at 300 kg/m 2 .s were also omitted as it was found to be unstable and not very repeatable (it may have been because the flow regime condition was close to the point where the flow regime changed from annular flow to stratified wavy flow) as shown in Figure 3 .
Observations of the flow patterns were made using high-speed video footage. When the observed flow patterns were adjudged to be a combination of two distinct flow types, a system of naming the flow pattern (as abbreviated in Figure 3 and also defined in the nomenclature list) using a backstroke was adopted. The first abbreviation (before the backstroke) was considered the dominant flow pattern with the second abbreviation a significantly contributing secondary flow pattern effect.
Data validation
The void fraction and heat transfer coefficients were validated by taking measurements for the case In general the horizontal void fraction results correlated well with predictions; all void fraction measurements were predicted within ±5%. The degree of correlation was observed to reduce with decreasing vapour quality. The aforementioned observation was not unexpected due to the highly non-linear nature of the Rouhani and Axelsson (1970) in this region of vapour quality. Five observed data points out of a total of 18 data points (a total of 18 unique flow conditions with two successive measurements taken for each respective flow condition resulting in a total of 36 data points) did not match the predictions of the modified Wojtan et al. (2005) flow pattern map (Figure 4 ). The aforementioned exceptions could be isolated to the predictions of intermittent flow, which were difficult to classify using subjective visual means.
In Figure 5 , the measured heat transfer coefficients are compared with predictions. The comparisons were made using the Thome et al. (2003) heat transfer correlation using their prescribed logarithmic mean void fraction model as well as the experimentally measured void fractions of this study.
Comparisons were also made with the Thome et al. (2003) The substitution of the void fraction parameter with the experimental void fractions did not seem to improve the prediction accuracy of the Thome et al. (2003) correlation, especially at conditions of higher heat transfer. A sensitivity analysis using the Thome et al. (2003) correlation revealed that, especially for high vapour quality cases, the predicted heat transfer coefficient was very sensitive to variations of the void fraction parameter. In certain cases, the predicted heat transfer coefficients varied by 10% with miniscule changes (less than 1%) to the void fraction parameter. Thus, any small deviations in the void fraction measurements compared with the predicted values amplified the deviations observed in predicted heat transfer coefficient.
The general trend was that the data points were under-predicted using this method; a number of data points were under-predicted by more than 20%. A similar trend was observed when the void fraction parameter was substituted for the predictions of the Woldesemayat and Ghajar (2007) void Thome et al. (2003) Woldesemayat and Ghajar (2007) in Thome et al. (2003) Void fraction results in Thome et al. (2003) Cavallini et al. The measured heat transfer coefficients were also compared with the measured heat transfer coefficients of Lips and Meyer (2012b) who used the same experimental set-up. In the previous study the thermocouples were calibrated against a PT100 before soldering them to the test section.
However, in this study the thermocouples were calibrated against a PT100 during adiabatic conditions after the thermocouples were soldered to the test section. The calibration technique used in this study should be more accurate than in the previous study and could explain the difference in results.
Therefore, the absolute values of the heat transfer coefficients for the current study were greater than those found in the study of Lips and Meyer (2012b) . For the reference case of 300 kg/m 2 .s mass flux, the measured heat transfer coefficients were an average of 17% greater than those of Lips and Meyer (2012b) with the discrepancies increasing with increased vapour quality (32% maximum deviation observed at 75% vapour quality). Similarly, for the case of varying mass flux (200 kg/m 2 .s to 400 kg/m 2 .s ) at a constant vapour quality of 50%, the measured heat transfer coefficients were an average of 26% greater than those obtained during the study of Lips and Meyer (2012b) with a maximum deviation of 39% observed at 400 kg/m 2 .s mass flux. The discrepancies were observed to increase with increasing mass flux and were confirmed by several repeated measurements. The deviations in heat transfer coefficient relative to those of the Lips and Meyer (2012b) study were relatively constant for each mass flux and vapour quality combination for all inclination angles, which seemed to indicate that the deviations could be purely a result of the more rigorous in-situ thermocouple calibration technique which was employed for the current study. Furthermore, the repeatability of all the measurements were constantly monitored throughout the study by taking repeated measurements at horizontal flow conditions for each mass flux and vapour quality case.
For each case the successive measurements at horizontal flow were not significantly different and repeatability was therefore confirmed.
Effect of inclination angle, vapour quality and mass flux on void fraction and heat transfer
The experimentally observed influence of tube inclination angle, vapour quality and mass flux on the measured void fractions and heat transfer coefficients are discussed in this section. Since the effect of inclination angle was most pronounced at lower mass flux and vapour quality combinations, these flow conditions will receive more detailed discussions. The flow pattern classifications in terms of physical structure used in determining the void fraction measurements i.e. slug flow, intermittent flow and annular flow were done according to previous work conducted using the same flow pattern classification in terms of physical structure than De Kerpel et al. (2013) and Thome (2006) .
Mass flux of 100 kg/m 2 .s
The measured void fractions for the 100 kg/m 2 .s case varied significantly from horizontal flow (0ᵒ inclination angle) at 25% vapour quality, even for small adjustments in the inclination angle ( Figure   6 ). The effect of inclination angle on the measured void fractions decreased with increasing vapour quality with the measured void fractions being almost independent of inclination angle for the 75% vapour quality case. The measured void fractions were observed to increase with increasing downward inclination (negative inclination angles) up to a maximum at vertical downward flow. The increase in the measured void fraction could be explained by observing the prevalence of stratifiedtype flow with the characteristic thin liquid layer as a result of gravity-dominated flow. The void fraction sensors were very sensitive to changes in capacitance of the flow, but their response was also non-linear and dependent on the spatial distribution of liquid and vapour phases between the sensing electrodes. The very slight increase in void fraction observed at -90ᵒ could therefore be a result of the redistribution of the liquid-vapour phases around the periphery of the tube and not necessarily an increase in the void fraction.
The measured void fractions decreased by 35% compared with horizontal flow for increased upward inclinations (positive inclination angles) up to an inclination of 30ᵒ for 25% vapour quality. A similar trend was observed for 50% vapour quality albeit with less profound difference from horizontal flow.
The decrease in measured void fractions could be explained by observing the prevailing flow patterns i.e. churn-type flows with liquid recirculation. The greatest degree of recirculating flow corresponded to the minimum measured void fraction. Even though the liquid-vapour distribution For the case of 75% vapour quality, the heat transfer coefficients were observed to decrease relative to the horizontal flow case with increased upward inclination angle. A 30% reduction compared with the horizontal case was observed at vertical upward inclination. The measured void fractions were observed to be relatively independent to inclination angle at these flow conditions. Hence, the decrease in measured heat transfer coefficients could have been purely as a result of liquid-vapour redistribution increasing the net thermal resistance. At this relatively high vapour quality (75%) the fluid mixing was also not as profound as for the lower vapour quality (25%), which could also explain the reduction in heat transfer coefficients. trends were observed for the lower vapour quality cases (10% and 25%) while relative independence towards inclination angle was observed for the higher vapour quality cases (50%, 75% and 90%). For lower vapour quality conditions (10% and 25%) significant variations in heat transfer coefficients with increasing downward inclination angles were observed (Figure 11 ). The heat transfer coefficients were observed to increase up to a maximum in the region of -20ᵒ to -30ᵒ downward inclination angle for both 10% and 25% vapour quality cases; 25% and 12% increases relative to horizontal flow respectively. Further increases in downward inclination angle resulted in decreased heat transfer coefficients up to a minimum at vertical downward flow similar to observations made Vapour Quality (x) for lower mass flux cases. The effect of upward inclination angle was subdued compared with the effect of downward inclinations for lower vapour qualities with only slight variations in the measured heat transfer coefficients observed; maximum deviation from horizontal case was observed as 6%. For higher vapour quality cases (50% and 75%) the measured heat transfer coefficients were hardly affected by changes in inclination angle with only slight variations observed.
Mass
Conclusions
The purpose of this study was to measure void fractions of refrigerant R134a condensing in a smooth circular tube with an inner diameter of 8.38 mm and a heat transfer length of 1.488 m. Flow regimes were captured, heat transfer measurements were conducted and void fractions were measured with capacitive void fraction sensors at the inlet and outlet of the test section. The average of the two void fractions was used as the average void fraction of the test section.
Measurements were conducted for a full spectrum of inclination angles ranging from vertical Results at downward flow inclinations were affected more profoundly than for upward inclinations.
An optimisation opportunity for heat transfer in low vapour quality flows was also identified. The void fraction and flow pattern map predictions were found to be inadequate for inclined flow conditions and scope exists to incorporate gravity-effects in the aforementioned prediction tools.
